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ABSTRACT
This work presents the vapor pressure and concentration measurement of newly discovered environmentally friendly
refrigerants 1,1-difluoroethane (R152a) and 1,1,1,3,3-Pentafluorbutane (R365mfc) and of their mixtures. The
experimental procedure used in this work was a VLE recirculation type apparatus in which the liquid phase is
circulating around the equilibrium cell. Special attention was given to enable a highly accurate vapor pressure
measurement up to maximum pressure of 25 bar. The liquid sampling method was perfected through the use of
quick plug valves at the circulation loop of the VLE apparatus. This approach has a great effect in solving the
problems of changing the volume of the fluids inside the equilibrium cell, since the sampling unit needs a minimum
amount of fluid to be sampled. Moreover a new method for measuring the concentration of this mixture through
using a vibrating tube densitometer apparatus (DMA-HPM) has been realized. This apparatus was able to supply
data in the temperature range of -10 to 200 °C and pressure of 0 to 1400 bar, with an uncertainty of 0.1%. The
experimental data was validated using the Volume Translated Peng Robinson Equation of State and high precision
fundamental equations of state by McLinden from National Institute of Standard and Technology (NIST). Other
models such as Modified Huron Vidal, Wong Sandler, Lee Kesler and Hoffman Florin have been verified. Amongst
all the models, McLinden et.al model achieved vapor pressure deviations of less than 0.073% for R365mfc.The
concentration deviations reached -3.1%,-9.8% for a composition of 33.6% R152a and 44.1% R365mfc respectively.
The deviations of VTPR and VTPR-MHV2 have led to similar results data in the pure fluids and the mixture
respectively.

1. INTRODUCTION
The alarming rate of global climate change has led to a number of policy regulations on substances that contribute
towards Global Warming. The Montreal Protocol, declared in 1987, subsequently regulated the use of
Chlorofluorocarbons (CFC’s) and Hydro-chlorofluorocarbons (HCFC’s) based refrigerants (Fialho et al., 1996).
These materials have been used as aerosols, solvents, foam blowing agents and as refrigerants due to the virtue of
their properties such as non-flammability, stability, non-toxicity and their ease of availability. While a number of
refrigerants have been put forward as replacements, the thermodynamic literature and data on most of them is
limited. This creates a need to document the thermodynamic properties of the replacement refrigerants using
innovative methods with high rates of accuracy. This paper puts forth a novel approach to the measurement of the
thermodynamic properties of refrigerants R152a and R365mfc in pure fluid forms and in their mixture forms using
Vapor Liquid Equilibrium (VLE) measurement apparatus and a Vibrating Tube Densitometer. The VLE apparatus
consists of an equilibrium cell, immersed in a bath, maintained at a set temperature point. A circulation pump
circulates the liquid phase through the equilibrium cell and ensures proper mixing while acting as a catalyst towards
achieving equilibrium. The principle of the Vibrating Densitometer apparatus relies on the fixed relation between
the natural frequency of the vibrating-tube and the density of fluid contained in the tube. Most of the theory behind
vibrating densitometers can be derived from a simple mass spring model, detailed information is found in (Murer et
al.,2003). The Vibrating Tube densitometer is usually bent in a U-shape or in a V-Shape whilst the two legs are
fixed firmly to a rigid body. The vibration of the densitometer is detected with the help of a photo-detector, which
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counts the blinking of light from the light source blocked by a flag attached to the tip of the U-tube or the V-tube of
the densitometer. An electronic vibration circuit activates and sustains a continuous vibration of the tube at its
natural frequency. The direction of the vibration is normal to the U- or V- surface with no twists provided to occur
(Eren,2000).

2. EXPERIMENTAL METHOD
2.1 VAPOR PRESSURE
The experimental apparatus was originally built and operated by (Zimmermann, 1991) at the University of Siegen,
Germany. Later on, the Institute of Thermodynamic at Helmut Schmidt University-Hamburg had completed various
stages of the construction of this apparatus, more detailed information can be found in (Zühlsdorf, 2009), (Trollius,
2010). The final version of the experimental set up was carried out at the Institute for Thermodynamics, Leibniz
University, Germany.

Figure 1: Phase equilibrium apparatus flow diagram.
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Table 1: Experimental setup, Equipment List:
Temperature Measurement
Pressure Measurement
Mixer
Inlet Valves
Recirculation Valves
Evacuation Valves
Vapor Phase Sampling Valves, Outlet Valve
Heat Exchanger and Circulator
Equilibrium Cell
Isothermal Bath
Vacuum Pump
Density Measurement Apparatus
Inlet Cylinder
Circulation Pump
Air-Nitrogen Cylinder
Inlet valves to Density Measurement Apparatus
Inlet, Outlet valve
Outlet valve
Water jet pump
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The measurement of the vapor-liquid equilibrium was conducted in a circulation type apparatus as shown in Fig.1.
The apparatus consists of an equilibrium unit, a sampling unit, and a supply unit. The core of the apparatus is the
equilibrium unit, which consists of an equilibrium cell, a recirculation pump, and a constant temperature controlled
bath. The equilibrium cell was designed to hold a maximum pressure of 20 bars. The temperature of the isothermal
bath and equilibrium cell was maintained at a set point by a circulated thermostat (Haake N3), located at the upper
side of the apparatus. Both the equilibrium cell (stainless steel, material No 1.4541) and the recirculation pump
(NO1OST-26E, KNF Neuberger) were immersed in this bath (type: Baysilon-M20, Bayer) which was charged with
ethylene glycol. After confirming that the bath and the cell temperature are maintained at equal set point, the
circulation pump would start circulating the liquid phase to the equilibrium cell. The aim of this pump is to ensure
proper mixing, and enabling the equilibrium to be reached quickly. The temperature was kept constant within
±1 mK. In the measuring cell is also housed an agitator connected with electrical motor (M80 Multifix) to ensure a
well mixing of the thermostat fluid and to accelerate the homogeneity of the coexisting phases. Before supplying
any fluid; the whole apparatus was evacuated. The vacuum pump (Leybold AG, type D4B) and a water jet filter
pump (type Brand, No 159665) were used to evacuate the apparatus down to 10-30 mbar. Generally the apparatus
has two entrances, valves 1,1a (Autoclave engineers-30VM4074, 316 stainless-steel), and 2, 10 (Swagelok) which
assist in the process of charging the apparatus, valves 3, 6a, 6 (Swagelok) are liquid circulation valves which assist
in the sampling process. Valves 4,4b, 5,7,19 (Swagelok) assist in the process of evacuation. Valves 8,8b (Swagelok)
assist in the sampling of the vapor phase. The pressure is measured with a pressure transducer (type: P3290S076020,
tecsis) with a precision of 0.1%.To detect the pressure gradients an additional manometer (Haenni,-1-24 bar, No
1.4571) was installed between valves 1a and 2.The temperature in the measuring cell is measured by means of a
metal-resistance thermometer (PT100, accuracy class A).

2.2 CONCENTRATION
After equilibrium is reached, the vapor and the liquid samples should be trapped and passed to the analysis unit, in
which the phase equilibrium compositions are determined. Experience from former experimental observations has
shown that sampling of the liquid phase is more problematic, unlike the vapor phase. To resolve this issue in the
sampling of the liquid phase, a good idea was suggested. To the best of the authors’ knowledge, it was the first to be
implemented in this work. Construction of two additional quick plug valves 3 and 6a (316 stainless steel, Swagelok)
within the circulation loop, as shown in Fig.1, to sample a minimum amount of the fluid phase in a U-tube located
between these two valves, (also see Fig.3), was recommended. The plug valve was equipped with two connections
(6mm) and designed to withstand a maximum working pressure of p=206 bar .Valve 3 was connected with the first
quick connector. This quick connector body is connected with a U-tube constructed of stainless steel and designed to
hold the required sample of fluids. The upper part of the U-tube is connected with the second stem and body quick
connector and regulated by valves 6a and 6. The stem and the body were designed to operate at a temperature range
of =-26-205°C and maximum operating pressure of p=205bar at =21°C. This solved the problem of varying
volume in the equilibrium cell and possibly the problem of changing homogeneity of the phases. The temperature
and pressure of the mixture are maintained at the required values while the liquid phase is continuously withdrawn
from the equilibrium cell and recirculated by the circulation pump. The circulated liquid reenters the cell at the
upper side through a hole, 6mm in diameter and pours through the vapor phase and valve 3 to detect the temperature
gradients at the circulation line. The length of the U-tube is about 170 mm and is able to hold up to 10 ml in fluid
volume. The U-tube is then connected with the entrance IN1 at the analysis unit, (see Fig.3). The vibrating tube
densitometer apparatus was used to analyze the composition of the sample (Anton Paar,2013). The principle of this
apparatus relies on a fixed relation between the natural frequency of the vibrating-tube and the density of fluid
contained in the tube (Stabinger et al.,1969),(Eren,2000). As shown in Fig.2, the densitometer (DMA HPM, Anton
Paar) was used to detect the liquid density in a temperature range of =-10-450C. Due to the high temperature
dependency of density, the measuring cell is heavily thermostatted. The temperature of the U-tube is controlled
within ±0.02°C using an external thermostat (Lauda, ECORE 1050), which is also used to regulate the temperature
inside the cell, whereas the whole apparatus was maintained in an isothermal isolation chamber ISOCHAM. Since
the apparatus does not have any source for pressure generation, an auxiliary pressure generator was integrated into
the apparatus. The pressure was measured by a highly accurate pressure sensor (type: PAA35X-C-300, omega) with
a precision of ± 0.1kPa. The pressure measuring unit was successfully integrated into the density measuring cell via
hand spindle pump SP (type Ruska, No 41619). To ensure fine adjustment and recharging of the pressure, an
additional hand pump HP was integrated with the spindle pump. After evacuating the apparatus, all side products
were accumulated into an external waste vessel WV or by using a cold trap CT unit. All valves used were needle
valves (type: Autoclave 30VM4081-material of construction 316 stainless steel). Those valves have a small port and
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a threaded, needle-shaped plunger to allow for a precise regulation of flow, although they are generally only capable
of relatively low flow and are approved for a total allowable pressure up to 2068bar.

Figure 2: Density measurement apparatus flow diagram.

P
DMC
ISOCHAM
VP
CT
WV
IN1,IN2
EX
HP
SP
V4,V5

Table 2: Equipment List
Pressure Measurement
Density Measuring Cell
Isolation Chamber
Vacuum Pump
Cold Trap
Waste Vessel
Inlet
Exit
Hand Pump
Spindle Pump
Inlet Valve

The measuring cell (type DMA HPM) was equipped with an internal heat exchanger which regulates the
temperature of the surface of the vibrating U-tube. For this purpose an auxiliary thermostat (type Lauda ECORE
1050) (Lauda Ecore 1050,1998) was integrated and the temperature was controlled up to =±0.005°C. The
temperature gradient between the measuring cell and the environment was also considered. Therefore, a house made
isolation chamber was constructed to enhance the isothermal condition of the ambient air. After reaching the
equilibrium the liquid and vapor sample in the U-tube had to be injected to the vibrating densitometer unit in which
the period of oscillation, the temperature and pressure were measured (see Fig.3). To verify the concentration of the
pure fluids and mixtures a specific algorithm written in Matlab was executed. The required concentrations for the
mixture were detected as a function of the density and the period of oscillation.

Figure 3: Liquid sampling line in phase equilibrium apparatus and the moving U-tube after injection of sample in
DMA-HPM
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3. PREDICTION METHOD
The equation type of Hoffman Florin has been implemented to detect the vapor pressure (Gmehling et al.,2012).
This equation is based on the charts developed by (Cox,1923) and it has two adjustable parameters. A more
convenient equation of Lee and Kesler (Abbott et al., 2007) was used to estimate the vapor pressure. The group
contribution EOS (Equation of State) developed by Gmehling and his coworker Ahlers (Gmehling et al.,2001,2002)
has also been executed. Based on the realization of applying a volume translation to the EOS as was proposed by
(Peneloux and Freze,1982), this was directly applied to the Peng-Robinson EOS as follows (Gmehling et al.,2012):

P

(1)

RT
a

v  c  b (v  c)(v  c  b)  b(v  c  b)

Where c is equal to the deviation between the experimental and the calculated liquid volume at a reduced
temperature of Tr  0.70 .
(2)
c v v
calc

exp

Where the subscript ‘exp’ represents the molar volumes obtained from the experiment and ‘calc’ represent the molar
volume calculated from the EOS. In the statement of Ahlers and Gmehling (Gmehling et al.,2001,2002), if there is
no experimental data for liquid densities, the ‘c’ term could be estimated from critical data as follows (Gmehling et
al.,2012):
(3)
RT

c  0.252

c

Pc

1.5448Z c  0.4024

The  values accompanied in the energy parameter for different compounds are presented as function of the
acentric factor  , which for each temperature is given by (Ahlers,2003):
(0)
(1)
(0)
(4)

(T)    (   )

The mixing rule for this model is similar to the Huron-Vidal mixing rule; only the reference pressure is equal to 1
bar and not infinity. The residual part of the activity coefficient is used. The relative van der Waals volumes ri was
terminated in this mixing rule. The new gE mixing rule in this model has introduced the VTPR- gE mixing rule
(Gmehling et al.,2001,2002).
(5)
 n
gE 
a

a m  b m   x i i  res 
bi
q1 
 i 1

Here q1  0.53087, pref=1 bar and
et al.,2012). In this work, the

g Eres

is calculated while keeping the UNIFAC parameters in mind (Gmehling

g Eres was obtained according to the UNIFAC method stated by Kleiber (Kleiber,1995),

(Kleiber and Axman,1998). Further model known as Modified Huron-Vidal Second-Order mixing rule (MHV2) was
recommended by (Dahl and Michelsen,1990). The MHV2 equation gives the following expression:
E
(6)
n
n
n
b 



 g

q 1   m   x i  ii   q 2   2m   x i  ii2  
  x i ln m 
i 1
i 1



 RT i 1
 bi 

The values of q1 and q2 depend on the EOS used. The abbreviation α is a shortcut notation used to combine the covolume and the energetic parameters. Furthermore, the model developed by Wong and Sandler (Wong and
Sandler,1992), has been integrated with PR-EOS. The co-volume parameter in Wong and Sandler model was
calculated as a function of the composition dependence of the second virial coefficient and the energetic mixing

bm 

n
n
am
  x i x j B ij
RT i 1 j1

 n
a
gE
a m  b m   x i ii 
bi

 i 1





(7)

parameters of the cubic EOS (Wong and Sandler,1992).Where  is a constant depending on the EOS used. For the
Soave-Redlich-Kwong and Peng-Robinson EOS, Λ is equal to –0.693 and -0.623 respectively.
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4. RESULTS AND DISCUSSIONS
Fig.4 illustrates the attractive parameter for this equation of state as a function of temperature and composition
relative to the more volatile component R152a under the use of MHV1, MHV2and VTPR mixing rules.

Figure 4: Mixture energy parameter (a) predicted for VTPR, PR EOS with VTPR; MHV1, WS and MHV2 mixing
rules for the system R152a (1) and R365mfc (2).

Figure 5: Co-volume parameter for predictive models with 30% R152a.

Figure 6: Variation of vapor pressure for R365mfc with saturation temperature.

Figure 7: Relative deviation in vapor pressure measurement data of R365mfc.
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Figure 8: Mixture liquid density measurement data of R152a and R365mfc.

Figure 9: Relative deviation in mixture liquid density measurement data of R152a and R365mfc.

Figure 10: Measurement of mass fraction for the system R152a-R365mfc from vapor pressure and liquid density
data.

Figure 11: Relative deviation in liquid mass fraction measurement data of R152a and R365mfc.

Figure 12: Relative deviation to experimental data (Outcalt and McLinden,1996), (McLinden and Lemmon,2013) in
saturated liquid density for the system R152a and R365mfc from VTPR.
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Figure 13: Relative deviation to experimental data (Outcalt and McLinden,1996), (McLinden and Lemmon,2013) in
saturated liquid density for the system R152a and R365mfc from VTPR-MHV2.
It is clearly recognized that the areas for the model VTPR and VTPR-MHV2 have the same profile with higher
values in respect to VTPR. The non-linearity is clearly observed for the two models, VTPR and VTPR-MHV2. The
model VTPR-MHV1 shows increases in the direction of increasing composition. It is to be noted, however, that this
model fails to improve the attractive parameter at lower composition values. Fig.4 also represents the attractive
parameter of WS, MHV1, and MHV2 under PR EOS as a function of temperature and composition of mixture,
relative to the more volatile component R152a. Both models MHV2 and WS increase as temperature and
composition decrease. It is to be noticed that the surface area for WS and MHV2 models lead to similar profile with
higher value with respect to WS model. Despite the alterations made on this model, the non-linearity profile could
not be clearly confirmed since its attractive parameter still follows the first order MHV model. Nevertheless the
value of attractive parameter, at composition value equal to zero, was clearly improved. Likewise the Fig.5 shows
the profile of the co-volume parameter, varying with temperature at different compositions of the working fluid. The
results confirm that the co-volume parameter of quadratic mixing rule decreases as the temperature increases. It is
observed that in the case of VTPR, the nonlinear shape of co-volume parameter has a positive influence on
enhancing the co-volume parameter of PR. The VTPR co-volume parameter was developed by (Gmehling et
al.,2002) who have shown that the mixing rule has a sensitive influence on the description of asymmetric systems.
The exponent 0.75 was adopted from the group contribution method modified UNIFAC (Dortmund), where the
same exponent was used for the relative van der Waals volume parameter (ri) in the combinatorial part. Theoretical
investigations of Deiters (Gmehling et al.,2001,2002) led to a similar exponent of 0.8. The exponent 0.75
significantly enhances this parameter and improves the prediction of asymmetric systems, as this work followed this
criterion. Fig.6 presented an increase in the saturation temperature with pressure. By experimentally measuring
R365mfc in a temperature range of T=298-300K and T=323-325K, the relative deviation explained the following
facts. The models of McLinden et al. belong to the National Institute of Standard and Technology (NIST), (Outcalt
and McLinden,1996), followed by Hoffman Florin are superior compared to VTPR, VTPR-MHV2 and Lee Kesler
models. Maximum positive deviation of 2.85% was provided by Lee Kesler, as illustrated in Fig.7, in a temperature
range of T=298-300K. Minimum positive deviation of 0.073% was reached by model of McLinden (Outcalt and
McLinden,1996), followed by positive deviation less than 0.38% for the model of Hoffman Florin, in a temperature
range of T=323-325K. Beside all, the models VTPR, VTPR-MHV2 and Lee Kesler have delivered nearly similar
deviation less than 1.9%. Fig.9, presents the variation of mass fraction of mixture and the relative deviation in
mixture density for models used in this work. The results have confirmed the superiority of model McLinden et al.
(Outcalt and McLinden,1996), (McLinden and Lemmon,2013) amongst other models. This model reached a
maximum deviation less than 0.43%, followed by the model of PR-WS which reached a maximum deviation less
than 3.5%. Meanwhile, the models of VTPR and VTPR-MHV2 led to maximum deviation less than 11.5% and
12.1% respectively. The mixture density data was used to analyze the composition. The sample from the phase
equilibrium apparatus was treated in density measurement apparatus (DMA), via the vibrating U-tube, as illustrated
in Fig.8. The period of oscillation of the sample is measured at constant temperature and pressure. Fig.10 presents
the measured mass fraction by this apparatus, for a sample found in a saturation temperature of Ts=297.739K,
297.572K and saturation pressure of ps=3.341bar, 3.822bar respectively. Most important in analysis of the mixture
by this apparatus, is that, it could be conducted at various conditions. At composition of 33.6% of R152a, the
temperature was set at T=288.463K and pressure of p=4.769bar, also at composition of 44.1% of R152a, the
temperature was set at T=278.467K and pressure of p=4.196bar. As illustrated in Fig.11, the results confirmed the
superiority of the McLinden et al. (Outcalt and McLinden,1996),(McLinden and Lemmon,2013) model among
others used. A maximum deviation less than -3.1%,-9.8% was reached for a composition of 33.6% R152a, 44.1%
R365mfc respectively. The models of modified UNIFAC by Kleiber (Kleiber,1995), (Kleiber and Axman,1998) and
VTPR delivered similar results, with a maximum deviation less than -9.2%,-10.83%, for this system respectively.
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Meanwhile, the model of VTPR-MHV2 has provided maximum deviation less than -10.76%,-11.75%, respectively.
Furthermore, Fig.12-13 revealed that the models contributing to the cubic equations of state of VTPR and VTPRMHV2 gave a better prediction in comparison to the standard data of McLinden (Outcalt and McLinden,1996),
(McLinden and Lemmon,2013) for the saturated liquid density with minimum relative deviation less than 0.1% for
the pure fluids and a maximum value less than 15% deviation for the mixture. It is clearly shown that the VTPR
EOS delivered accurate data. The Twu α function combined in this model enables it to widen the temperature range.
Moreover the mixing rules for (a) the energy and (b) co-volume parameters allowed for the prediction of the
asymmetric systems as in the case of R152a.

5. CONCLUSION
The work has demonstrated the capability of the experimental setup used to detect the vapor pressure and to realize
the measurement of the concentration of the environmentally friendly system of R152a and R365mfc using VLE and
vibrating tube densitometer apparatuses. The work testifies to the necessary applications of the new group
contribution equation of state, as it executed the VTPR combined with modified UNIFAC method as well as various
mixing rules such as MHV1, MHV2 and WS. The work also testifies for the necessary applications of the new group
contribution equation of state, combined with UNIFAC method as well as the various mixing rules.

NOMENCLEATURE
Abbreviation
EOS
VTPR
HPM
DMA
DDB
UNIFAC

Equation of State
volume translated Peng Robinson
high pressure measurement
density measurement apparatus
Dortmund data bank
universal quasi chemical functional group activity

NIST

national institute of standard and technology

MHV

modified Huron Vidal

WS

Wong Sandler

Latin letters
A
B
T
p
v
Tc,Pc
Tr

first parameter of vibrating sensor
second parameter of vibrating sensor
temperature
pressure
molar volume
critical temperature and pressure
reduced temperature

gE
g Eres

excess Gibbs energy

ri
xi
qi

relative van der Waals volume of component i
mole fraction of component i in the liquid phase
relative van der Waals surface area of component i

residual excess Gibbs energy

Greek letters








density
temperature
function in cubic equation of state
acentric factor
mass fraction
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